Ultrastructural studies were made of operatively resected crista supraventricularis muscle in 59 patients with congenital heart diseases, of whom 54 had obstruction to right ventricular outflow. Relationships of anatomic diagnosis, age, peripheral arterial oxygen saturation (PAO2), peak right ventricular systolic pressure gradient and right ventricular end-diastolic pressure (RVEDP) to hypertrophic changes, abnormalities of cellular and myofibrillar orientation, and degenerative alterations were determined. Changes directly related to hypertrophy were: cell diameters > 20,u irregular cell shape, lobulated nuclei, multiple intercalated discs, dilated T tubules, abnormal Z bands, and increased numbers of ribosomes. Abnormalities of cellular or myofibrillar orientation were focal in distribution and occurred in 12 patients, most of whom had elevated RVEDP, decreased PAO2, markedly enlarged cells, and interstitial fibrosis. Interstitial fibrosis was prominent in 19 patients and was associated with cellular hypertrophy, elevation of RVEDP, and increased age of the patients. Degenerative changes (myofibrillar lysis, abnormally small mitochondria, myelin figure formation, and proliferation of sareoplasmic reticulum) in cardiac muscle cells occurred in six patients and correlated with increased age, decreased PAO2, and elevated RVEDP. Mitochondria containing glycogen deposits were present in 17 patients, most of whom had decreased PAO2. The variability of morphologic manifestations of chronic cardiac hypertrophy and the relationships of hypertrophic changes to orientation abnormalities and degenerative alterations are discussed.
Sarcoplasmic reticulum ALTHOUGH SEVERAL EXTENSIVE STUDIES
have been made of myocardial ultrastructure in patients with various types of cardiomyopathies,1-4 ultrastructural studies of cardiac hypertrophy in congenital heart disease have been limited either because of the number of patients studied or because of the restricted observations made. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The present study was undertaken to define the morphologic characteristics of crista supraventricularis muscle in 59 patients with right ventricular hypertrophy, with and without right ventricular outflow obstruction, due to various types of congenital heart disease. Particular attention JONES ET AL. TF  23  TF  24  TF  25  TF   26  TF  27  TF  28  TF  29  TF  30  TF  31  TF  32  TF  33  TF  34  TF  35  TF  36  TF  37  TF  38  TF  39  TF  40  TF  41  TF  42  TF  43  TF   44   TF  45   TF  46  TF  47   TF  48 TF 49 Tetralogy with pulmonary atresia 50 Tetralogy with infundibular atresia 51 Tetralogy Abbreviations: AR = aortic regurgitation; ASD = atrial septal defect; BR = Brock pulmonary valvulotomy and infundibulectomy; BT = Blalock-Taussig subelavian-pulmonary shunt; cell size = range of transverse diameters (in microns) of cardiac muscle cells; DORV = double outlet iight ventricle; gradient = peak systolic pressure gradient, in mm Hg, between body of right ventricle and pulmonary artery; Hct = hematocrit; IPS = infundibular pulmonic stenosis; P = Potts aorto-pulmonary shunt; PA = pulmonary artery; PAO2 = peripheral arterial oxygen saturation (NO); QP/QS = ratio of pulmonic to systemic blood flows; RVEDP = right ventricular end-diastolic pressure in mm Hg; RVS = right ventricular systolic pressure in mm Hg; subPS = subpulmonic stenosis; SVSD = supracristal ventricular septal defect; TF = tetralogy of Fallot; VPS = valvular pulmonic stenosis; VSD = veintricular septal defect; W = Waterston aorto-pulmonary shunt; -= data not available.
The age distribution of the group of 54 patients with obstruction to right ventricular outflow was as follows: three to 14 years, 31 patients (57%); over 15 years, 23 (43%). The magnitude of the peak systolic pressure gradient (PSG) between the body of the right ventricle and the pulmonary trunk was determined before operation in 50 of the 54 patients; in the remaining four patients the catheter could not be advanced into the pulmonary trunk. Four patients (8%) had a PSG of 50 mm Hg or less; 39 patients (78%) had PSG ranging between 51 and 99 mm Hg, and seven patients (14%) had PSG of 100 mm Hg or greater. The right ventricular end-diastolic pressure (RVEDP) was greater than 6 mm Hg in 34 patients (63%). The pulmonary-to-systemic flow ratio (QP/QS) was less than 1.0 in 18 (38%) of the 54 patients. The preoperative peripheral arterial oxygen saturation (PAO2) was less than 90% in 26 patients (51% ), between 90 and 94% in 17 patients (33%), and over 94% in eight patients (16%). These data and their relationships to the morphologic findings are presented in table 2.
For more detailed analyses of the correlations between clinical and morphological data, the 54 patients with obstruction to right ventricular outflow were subdivided into three subgroups: 1) 30 patients with classical tetralogy of Fallot; 2) 18 patients who had obstruction to right ventricular outflow in association with ventricular septal defects, with or without additional anomalies, and 3) six patients in whom obstruction to right ventricular outflow was associated with various lesions other than tetralogy of Fallot or ventricular septal defects. Detailed anatomic diagnoses in each of these patients are listed in table 1. Collection and Preparation of Tissues Crista supraventricularis muscle was obtained from each of the 59 Volume 51, January 1975 this solution for at least 12 hours. Post-fixation was carried out for 2 hr with cold, 1% OSO4 in Millonig's phosphate buffer, after which the tissues were dehydrated in ethanols and propylene oxide, and embedded in Maraglas.i
Five to 15 blocks of tissue from each patient were sectioned at a thickness of 1 p and stained with alkaline toluidine blue. Each block measured from 1 to 4 mm2 in area. Light microscopic study of these sections was made to evaluate cell size (estimated with a calibrated eyepiece micrometer), arrangement, and orientation of muscle cells, and orientation and organization of myofibrils. From each patient, 1 and usually 2 to 4 selected blocks having well preserved tissue in good longitudinal or cross-section were examined by electron microscopy. Ultrathin sections were stained with uranyl acetate and lead citrate'6 and examined with an RCA EMU-3G or a JEOL 100 B electron microscope.
Although with few exceptions tissues prepared as described above exhibited good fixation, various artifacts related to the methods of obtaining the tissues were observed. Most of these artifacts, which were caused by contraction of the muscle during excision and fixation, consisted of contraction bands and associated shortening of sarcomeres, nuclear distortion, displacement of organelles, marked sarcolemmal convolutions, and abnormalities of intercalated discs. Inadequate fixation of tissues resulted in morphologic artifacts which were indistinguishable from those produced by acute hypoxia,'7 and consisted of intracellular edema, disruption of mitochondrial and sarcolemmal membranes, and dehiscences of the intercalated discs. Such artifacts were frequently focal, being limited only to portions of the tissue or even to portions of individual cells. Cells showing contraction bands, fragmentation of membranes and related artifacts of fixation were excluded from consideration in the analysis of the data.
As the basis for the identification of abnormalities, criteria for normal morphology were determined by inferences drawn from studies of myocardium in species other than man. 12i This was necessary because of the lack of ultrastructural data on completely normal human myocardium. In some patients, particularly in patients #55 and 59, each of whom had right ventricular volume overload lesions, but no obstruction to right ventricular outflow, cells were encountered which appeared comparable in many respects to those of normal animals. Such cells were of normal size (less than 15 ,u in diameter) and had normal cellular and myofibrillar organization. Nevertheless, none of the tissues examined was considered completely normal, i.e., completely free of the hypertrophic or degenerative changes to 21 
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*The numbers of patients in some clinical categories differ since all types of data were not be described in detail below. The over-all incidence of changes of hypertrophy, degeneration and abnormalities of cellular and myofibrillar orientation was quantitated by noting their presence or absence in each of the subgroups of patients (tables 2 and 3). These changes were more severe and more frequently found in patients with outflow tract obstruction than in patients without obstruction.
Results

Structure of Nonhypertrophied Myocardium
Cardiac muscle cells in longitudinal sections of nonhypertrophied myocardium measured less than 20 ,u in diameter and were oriented in parallel, but occasionally twisted or turned in fascicles with some cells branching from one fascicle to interdigitate with cells from another. Cells were delineated from one another at their ends by intercalated discs, but side-toside junctions were not always apparent by light microscopy. Individual myofibrils were easily observed in semithin sections; in normal cells sarcomeres were aligned in parallel with the longitudinal axis of the cell and were in register with those of adjacent myofibrils ( fig. 1) .
The muscle cells were limited by the sarcolemma, which was composed of the plasma membrane and the basal lamina. The latter consisted of a layer of finely fibrillar, electron dense material and measured 200 to 300 A in thickness. Varying 33 (56) 14 (24) 17 (29) 21 (35) 12 (20) Numbers given within parentheses are percentages of the total number of patients in each diagnostic category as indicated in the two left hand columns of the table. RVOT = right ventricular oultflow tract.
nucleoli, and the nuclear chromatin. The nuclear membranes exhibited nuclear pores, which were circular structures that measured 0.1 g in diameter and represented areas of nuclear-cytoplasmic communication. The nuclei were surrounded by elongated, conical perinuclear zones filled with mitochondria, glycogen, lysosomes, Golgi complexes, and smooth and rough-surfaced endoplasmic reticulum. The mitochondria were ovoid in shape, measured from 0.1 to 0.3 ,t in length, and were located at the perinuclear zones, between myofibrils and next to the sarcolemma ( fig. 2) .
The myocardial interstitium contained blood vessels, collagen, microfibrils, and ground substance. The blood vessels included capillaries and lymphatics, which were Changes which were considered directly related to hypertrophy included: large cell diameter, irregular cell shape, highly lobulated nuclei, multinucleation, multiple intercalated discs, dilated transverse tubules, and increased numbers of ribosomes (figs. [3] [4] [5] [6] . Abnormalities of Z band material appeared to be related not only to hypertrophy but also to degeneration (fig. 7). The incidence of the changes of hypertrophy and degeneration and the relationships of these changes to anatomic diagnoses are shown in tables 2 and 3.
Muscle cells greater than 15 ,u in diameter were present in all but four of the 59 patients. The heart muscle was considered to be unequivocally hypertrophied when the majority of the muscle cells were 20 , or greater in transverse diameter; frequently, larger cells were observed which measured 40 or even up to 70 u in diameter. Average cell size was estimated to be at least 20 ,u in diameter in 33 (56%) of the 59 patients. Thirty of these 33 patients had obstruction to right ventricular outflow. Average cell diameters of 20 g or greater were present in 22 (57%) of 39 patients with peak systolic outflow gradients between 50 and 99 mm Hg, and in five (70%) of seven patients with a PSG of at least 100 mm Hg. Twenty-three (61%) of the 38 patients with a RVEDP exceeding 6 mm Hg also had average cell diameters of 20 , 
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Cells undergoing myelin figure type of degeneration ( fig. 12) Thiery. 26 Intramitochondrial glycogen occurred usually in the ,B form, and was surrounded by an odd number of membranes, which showed that it was localized to the outer or intracristal compartment. A detailed description of these findings has been the subject of an earlier report from our laboratory.27 Sixteen (94%) of the 17 patients with intramitochondrial glycogen were desaturated (PAO2 less than 94%). The PAO2 was greater than 90% in only six patients. Thirteen (76%) of the 17 patients had an RVEDP greater than 6 mm Hg.
Lipofuscin granules appeared increased in number and in size in the older patients. Paracrystalline inclusions were present within lysosome-like structures in cardiac muscle cells of seven patients (fig. 15c) . These lysosomes were spherical in shape, measuring 0.5 to 1.0, in diameter, and the inclusions had a lattice structure made up of subunits 90-100 A in diameter. Five Figure 11 Electron micrographs of myofibrillar degeneration. a) Myofibrillar degeneration in two cells from 36 Membrane systems also may proliferate faster than, or out of phase with, other cell organelles. This is manifested by very lobulated nuclei, enlarged, dilated T tubules, increased amounts of sarcoplasmic reticulum, and multiple intercalated discs. Membrane proliferation may enhance certain functions, particularly in nuclei and T tubules. The extensive lobulations of the nuclear membranes provide an increase in surface area of the nuclei; increased nuclear membrane surface area may increase nuclearcytoplasmic interactions. In accord with previous work from this laboratory1 and with the observations of Goldstein,36 this study clearly demonstrates the presence of nuclear pores in hypertrophied myocardium. Nuclear pores may mediate the genetic nucleocytoplasmic exchanges which govern protein synthesis in myocardial growth and hypertrophy.
For a given cell volume, dilatation of the T tubules would lead to an increase in the cell surface area, which would allow for greater contact between intracellular and extracellular environments, providing for greater transfer of nutrients, ions, and metabolites. A relationship between hypertrophy and T tubule dilatation is evidenced by our finding that cells larger than 20 g in diameter were predominant in 76% (13 of 17) of patients having cells with dilated T tubules, but only in 43% (18 of 42) of patients who had cardiac muscle cells without enlarged T tubules. We also observed a relationship between dilatation of T tubules and elevation of RVEDP; 82% (14 of 17) of patients with dilated T tubules, as compared with 57% (24 of 42) of patients without dilated T tubules, had a RVEDP greater than 6 mm Hg.
Multiple intercalated discs represent junctions in lateral cytoplasmic processes of cardiac muscle cells. Patients with abnormally large numbers of multiple intercalated discs represented only 24% (14 of 59) of all the patients in this study. In ten of these 14 patients most cardiac muscle cells measured over 20 p in diameter. Multiple intercalated discs have been described previously in dogs23 37 and humans38 39 with cardiac hypertrophy. Shearing forces occur at side-toside junctions due to different rates or magnitudes of contraction of adjacent cells. This mechanism is responsible for the asymmetrical lateral growth of cardiac muscle cells and contributes to their irregular shapes.39 Markedly irregular cell shapes were found in 39% (23 of 59) of our total patient group; 16 of these 23 patients (70%) had a majority of large cardiac muscle cells. Proliferation of the sarcolemma in areas of side-to-side junctions at a more rapid rate than in undifferentiated areas of sarcolemma results in a projection of the cytoplasm of one cell into that of another. The convolutional elaboration of the side-to-side junctions in areas of the cytoplasmic projections produces the structures described as multiple intercalated discs.
The synthesis of myofilaments and their incorporation into sarcomeres eludes morphological demonstration, particularly in the hearts of patients with chronic hypertrophy. Helical arrays of free interfibrillar ribosomes often were observed in hypertrophied cardiac muscle cells in both children and adults, and may be responsible for myofilament protein synthesis or repair. The role of large perinuclear cisterns of rough endoplasmic reticulum is less clear. These structures also may be important in the metabolism of hypertrophied myocardium. The provocative interpretations of Bishop and Cole40' 41 and Legato8' 42 regarding the role of Z band substance accumulation in sarcomerogenesis have much appeal. The Z band lesions frequently did take the form of splitting Z bands, which we consider the most convincing '. The occurrence of such a progressive, inappropriate hypertrophy is a very uncommon phenomenon.56 Our findings in three patients who had acquired infundibular stenosis were that one patient had small foci of cellular and myofibrillar disorganization, and another had small foci of only cellular disorganization. The third patient with acquired infundibular stenosis had normal cellular and myofibrillar organization as did our two patients with acquired infundibular atresia. In the three patients with acquired infundibular stenosis, the hypertrophy which led to the obstruction could be accounted for on the basis of well-defined hemodynamic abnormalities. Similarly, the acquired infundibular atresia in the other two patients developed only after systemic-pulmonary shunts were created. This lesion was due to a combination of moderate muscular hypertrophy and endocardial fibrous proliferation. These changes have been thought to result from decreased infundibular distension and reduced blood flow through the infundibulum after systemic-pulmonary shunts.57 58 A number of ultrastructural abnormalities suggested that cardiac muscle cells were undergoing degeneration. These abnormal cardiac muscle cells were more frequent or more severely involved in older patients. The affected cells were usually atrophic in size; however, all patients with cells containing myofibrillar degeneration, myelin figure degeneration, sarcoplasmic reticulum proliferation, and areas of many small mitochondria had primarily hypertrophic cardiac muscle cells. All patients with myelin figure degeneration, sarcoplasmic reticulum proliferation, small mitochondria, and four of the five patients with myofibrillar lysis had prominent interstitial fibrosis. The relationship of fibrosis to elevated RVEDP has been discussed above. Myelin figure degeneration, myofibrillar lysis, and sarcoplasmic reticulum proliferation are considered clearly degenerative because involved cells show loss of contractile elements but not necrosis. These three types of cardiac muscle cell degeneration represent part of the spectrum of ultrastructural changes which correspond to the light microscopic picture of myocytolysis described in histologic studies of various pathologic cardiac conditions.64 Other changes such as cellular or myofibrillar disorganization, Z band lesions, and dilatation of T tubules are less easily categorized. All of these changes may represent the effects of long-term pressure overload and/or hypoxia.
The proliferation of sarcoplasmic reticulum, particularly at the expense of contractile elements and mitochondria, may represent a degenerative change related to loss of myofibrils. We believe that these lesions develop as a result of mitochondrial cristal membrane degeneration, distortion, or fusion. Similar electron-dense intramitochondrial bodies with concentric lamellae which appeared to arise from cristal condensation have been described in the myocardium of dogs subjected to normothermic anoxic cardiac arrest,68 and in isolated canine hearts following perfusion with filtered plasma-dextran. 69 A small population of mitochondria containing glycogen was observed in 17 patients. The significance of intramitochondrial glycogen in the myocardium of patients with right ventricular outflow obstruction and of dogs subjected to anoxic hypothermic cardiac arrest has been discussed in earlier reports from our laboratory.27 70 Intramitochondrial glycogen was more common in those patients who demonstrated peripheral arterial oxygen desaturation at preoperative cardiac catheterization. As described in detail in our earlier reports, the intramitochondrial glycogen is thought to represent an effect of chronic hypoxia upon the permeability of the outer mitochondrial membrane.
Lysosomes with paracrystalline inclusions have been described in congestive cardiomyopathy of unknown cause7' and in hypertrophic cardiomyopathy. 4 In the seven patients in whom we observed such inclusions, we Degenerative changes consisted of myofibrillar lysis, abnormally small mitochondria, myelin figure formation and proliferation of sarcoplasmic reticulum. It remains to be determined to what extent the conclusions from this study are applicable to hypertrophy of muscle in other areas of the heart, although there is no reason to believe that the processes of hypertrophy and degeneration are qualitatively different elsewhere in the heart. Other studies in our laboratory indicate that similar characteristics of degeneration are present in the myocardium of patients with aortic valvular disease44 and with hypertrophic cardiomyopathy,25 and that these changes represent the end stage of evolution of the process of cellular hypertrophy.
